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Drosophila Rhomboid-1 Defines a Family
of Putative Intramembrane Serine Proteases
1992). Extensive genetic analysis has implicated Rhom-
boid-1, a novel seven transmembrane domain (TMD)
protein, and Star, a type 2 membrane protein, as prime
Sinisa Urban, Jeffrey R. Lee,
and Matthew Freeman1
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Hills Road regulators of Spitz activation in the signal-sending cell
(Heberlein et al., 1993; Sturtevant et al., 1993; KolodkinCambridge CB2 2QH
United Kingdom et al., 1994; Golembo et al., 1996; Guichard et al., 1999;
Pickup and Banerjee, 1999; Bang and Kintner, 2000;
Wasserman et al., 2000). Furthermore, Rhomboid-1 ex-
pression prefigures EGF receptor signaling in most con-Summary
texts, while its ectopic expression triggers the activation
of the pathway (reviewed in Lee et al., 2001 [this issueThe polytopic membrane protein Rhomboid-1 promotes
the cleavage of the membrane-anchored TGF-like of Cell]). These observations suggest that Rhomboid-1
activates Spitz and thereby defines the necessary preci-growth factor Spitz, allowing it to activate the Dro-
sophila EGF receptor. Until now, the mechanism of sion of EGF receptor signaling.
We have recently determined the mechanism of Spitzthis key signaling regulator has been obscure, but our
analysis suggests that Rhomboid-1 is a novel intra- activation by Rhomboid-1 and Star (Lee et al., 2001). In
the absence of Star, Spitz is confined to the endoplasmicmembrane serine protease that directly cleaves Spitz.
In accordance with the putative Rhomboid active site reticulum (ER), while Rhomboid-1 is localized in the
Golgi apparatus. Star is required to transport Spitz frombeing in the membrane bilayer, Spitz is cleaved within
its transmembrane domain, and thus is, to our knowl- the ER to the Golgi apparatus, where Spitz is proteolyti-
cally cleaved in a Rhomboid-1-dependent manner andedge, the first example of a growth factor activated
by regulated intramembrane proteolysis. Rhomboid-1 subsequently secreted from the cell. Drosophila EGF
ligand activation therefore occurs through regulated in-is conserved throughout evolution from archaea to
humans, and our results show that a human Rhomboid tracellular trafficking and proteolysis of Spitz. Rhomboid
homologs have now been identified in most organisms,promotes Spitz cleavage by a similar mechanism. This
growth factor activation mechanism may therefore be including bacteria, yeasts, plants, and humans, sug-
gesting that its activity, and perhaps the correspondingwidespread.
signal activation mechanisms, may be widespread (Pas-
call and Brown, 1998; Gallio and Kylsten, 2000; GuichardIntroduction
et al., 2000; Wasserman et al., 2000). Despite its ubiquity,
the molecular mechanism of Rhomboid function is notIntercellular signaling coordinates many cellular pro-
cesses including proliferation, differentiation, responses understood in any context.
Although the sole function of Drosophila Rhomboid-1to environmental changes, and embryonic development.
The importance of cell-cell signaling in multicellular or- is in the cleavage of EGF receptor ligands, previous
analysis of the whole sequence failed to detect anyganisms is obvious, but it has recently become clear
that signaling is also widespread among unicellular or- similarity to known proteases (Bier et al., 1990; Wasser-
man et al., 2000). All proteases are classified into fourganisms, including bacteria, where it often controls cel-
lular responses to changing population sizes (Schauder families according to the active site residues involved
in catalysis (Hartley, 1960): cysteine proteases, aspartyland Bassler, 2001). Although the biochemical pathways
mediating signal reception have been studied exten- proteases, serine/threonine proteases, and metallopro-
teases (which use histidines to coordinate divalent metalsively and many of their basic mechanisms are under-
stood, much less is known about the mechanisms and ions). Since these are among the best characterized
enzymes and have well-defined signature motifs, thefactors involved in sending these signals.
Genetic analysis of the Drosophila Epidermal Growth apparent lack of similarity suggested that Rhomboid-1
Factor (EGF) receptor signaling pathway has provided a is not itself the Spitz protease, but instead acts indirectly
useful approach to identifying physiologically significant in promoting Spitz cleavage.
signaling components. This pathway controls multiple To address this further, we have analyzed Rhom-
aspects of cell behavior and is thus subject to many boid-1’s role in Spitz cleavage biochemically and by
levels of regulation, which occur at both signal initiation mutagenesis. Our results provide strong evidence that
and reception stages (Perrimon and Perkins, 1997; Drosophila Rhomboid-1 is an unusual protease and
Schweitzer and Shilo, 1997; Wasserman and Freeman, does in fact share a sequence motif with serine prote-
1997). Since both the receptor and its main activating ases, as well as having a potential serine protease cata-
ligand, Spitz, are broadly expressed, the question arises lytic triad. Remarkably, the Rhomboid-1 active site re-
of how precision is achieved. Like its mammalian homo- sides within the membrane bilayer, and Spitz is cleaved
log transforming growth factor  (TGF), Spitz is synthe- at a corresponding site in its TMD. We therefore propose
sized in an inactive form as a transmembrane protein that Rhomboid-1 is an intramembrane serine protease.
with a single extracellular EGF domain (Rutledge et al., Since no other intramembrane serine protease has been
listed in the MEROPS protease database (http://www.
merops.co.uk), Rhomboid-1 appears to be the first ex-1Correspondence: mf1@mrc-lmb.cam.ac.uk
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cleavage induced by Rhomboid-1 indicated that the pro-
tease activity could belong to Rhomboid-1 itself, rather
than to an enzyme in the heterologous host cells.
Mutational Analysis Suggests Rhomboid-1
Is a Serine Protease
To test the possibility that Rhomboid-1 is the Spitz pro-
tease, we undertook a mutational analysis with the aim
of identifying potentially catalytic residues; their identity
might suggest a catalytic mechanism. Comparison of
Drosophila Rhomboid-1 with Rhomboids from other
species identified 18 universally conserved residues, 7
Figure 1. Reconstitution of Spitz Cleavage in Mammalian Cell Lines of which were glycines. We individually mutated the 11
GFP-tagged Spitz was expressed alone, with Star, or Star and nonglycine residues on the basis that glycines, lacking
Rhomboid-1 (2.5 ng) in COS (green monkey), CHO (hamster), HeLa a side chain, would be unlikely to be catalytic. Two of
(human), and 3T3 (mouse) cells by transient transfection. Accumula- the glycines (G215 and G218) were also mutated as they
tion of cleaved and secreted Spitz was monitored in cell culture
occurred in a particularly significant motif (see below).media by Western blot. Transfection efficiencies were standardized
Alanine substitutions for only six residues completelyby cotransfecting a luciferase reporter gene and a truncated form
abolished Rhomboid-1’s ability to cause Spitz cleavage:of Spitz that lacked its TMD and was thus secreted (not shown).
W151A, R152A, N169A, G215A, S217A, and H281A (Fig-
ure 2A). Based on a Rhomboid-1 titration analysis (for
example, see Figure 3B), these complete loss-of-func-ample of such an enzyme. The cleavage of Spitz within
tion mutations decreased Rhomboid-1 activity by atits TMD is also unusual, as previous examples of regu-
least three orders of magnitude, which is characteristiclated intramembrane proteolysis (RIP) have been limited
of active site residues. All mutant Rhomboid-1 proteinsto the release of cytoplasmic domains (Brown et al.,
were expressed at similar levels to wild-type. They were2000; Kopan and Goate, 2000). We have also shown
also correctly targeted to the Golgi apparatus (Figurethat a human Rhomboid can substitute for Drosophila
2B and data not shown), suggesting that the mutationsRhomboid-1, using the same apparent cleavage mecha-
did not result in substantial structural perturbation, asnism. Coupled with the implication of a bacterial Rhom-
unfolded proteins are not exported out of the ER (Ell-boid in intercellular signaling (Rather et al., 1999; Gallio
gaard et al., 1999). When mutated, the remaining sevenand Kylsten, 2000), these data suggest that intramem-
tested residues either only reduced (R188, G218) or hadbrane proteolysis by Rhomboids may be a widespread
no detectable effect on (S155, H160, H165, E181, Y193)signal activating strategy.
Rhomboid-1 activity (Figure 2A).
Strikingly, the identity of the residues essential forResults
Rhomboid-1 activity strongly suggested that Rhom-
boid-1 may be a serine protease. In the absence of
Rhomboid-1 Is Directly Involved in Efficient
functional information, no sequence similarity between
Spitz Proteolysis
known proteases and Rhomboid-1 is apparent (Bier et
We previously demonstrated by direct biochemical anal- al., 1990; Wasserman et al., 2000). The identification
ysis that the TGF-like ligand Spitz is proteolytically of essential residues, however, highlighted the highly
cleaved in Drosophila embryos and in mammalian COS conserved Rhomboid sequence motif GASGG around
cells in response to Rhomboid-1 and Star expression the essential residues G215 and S217. We noted that
(Lee et al., 2001). Star is not required for cleavage, but this is similar to the sequence motif that exists around
instead regulates the intracellular trafficking of Spitz, the active serine of serine proteases (Figure 2C). In the
whereas the sole function of Rhomboid-1 is in promoting chymotrypsin/trypsin/elastase superfamily (family S1A
Spitz cleavage. Since Spitz, Star, and Rhomboid-1 were according to the MEROPS protease classification sys-
the only Drosophila proteins present in the COS cells, tem, http://www.merops.co.uk), the motif is GDSGG in
this suggested that Rhomboid-1 itself could be the Spitz approximately 200 proteases from archaea to humans,
protease. Alternatively, Rhomboid-1 might recruit a mam- while other enzymes that use activated serines also
malian protease to cleave Spitz. To address this further, share a similar GxSxG motif (Boel et al., 1988; Brenner,
we examined Spitz processing in a variety of mammalian 1988; Datta et al., 1988). In serine proteases, the first
cell lines from different species. In the presence of glycine of the GDSGG motif is responsible for stabilizing
Rhomboid-1, Spitz was cleaved equivalently and with the oxygen of the peptide backbone during cleavage,
remarkable efficiency in all cell lines tested (Figure 1). In and is part of the enzyme’s oxyanion hole (Fersht et al.,
the absence of Rhomboid-1, a much lower and variable 1973; Fersht, 1999). Thus, although it is not involved in
degree of cleavage was induced by Star alone. This catalysis itself, the role of this glycine is crucial for serine
Rhomboid-1-independent cleavage was sensitive to the protease function. The serine in this motif is the active
metalloprotease inhibitor batimastat (Figure 1, right site serine responsible for peptide bond cleavage. Ac-
panel), indicating that it occurred via the endogenous cordingly, mutation of G215 to alanine in Rhomboid-1
metalloproteases that normally cleave growth factors abolished Spitz cleavage, and even the conservative
such as TGF (Lee et al., 2001). Therefore, since the substitutions S217C and S217T abolished Rhomboid-1
endogenous mammalian proteases cleaved Spitz with activity by reducing it by at least 1000 to 10,000-fold
(Figure 2D).low and variable efficiency, the high and equivalent
Evidence that Rhomboid Is a Serine Protease
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Figure 2. Identification of Putative Catalytic
Residues of Rhomboid-1
(A) Conserved residues were individually mu-
tated to alanine and the ability of the mutant
proteins to mediate Spitz cleavage was deter-
mined. The upper panel shows Western blots
of cleaved GFP-Spitz in the medium of cells
transfected with GFP-Spitz, Star, and mutant
or wild-type Rhomboid-1. Mutation of W151,
R152, N169, G215, S217, and H281 abolished
detectable Rhomboid-1 activity—compare
with no Rhomboid-1 control (). The lower
panel shows Rhomboid-1 levels in cells, as-
sessed using N-terminally HA-tagged Rhom-
boid-1 mutants.
(B) All mutants that were unable to mediate
Spitz cleavage were, like the wild-type pro-
tein, localized to the Golgi apparatus. HA-
tagged S217A in a COS cell is shown in green;
anti-p115 (Transduction Labs), a Golgi marker,
in red.
(C) Comparison of the conserved GASGG
motif surrounding the putative Rhomboid-1
active serine (S217) with that of serine prote-
ases (family S1A according to MEROPS clas-
sification). The subscripts represent the per-
centage conservation at each residue (total
nonredundant sequences for each family are
reported as “n” values).
(D) Rhomboid-1 with conservative mutations
S217C and S217T did not catalyze Spitz
cleavage above background levels; panels as
in (A).
(E) Diagram of Rhomboid-1 residues essen-
tial for Spitz cleavage; conserved but nones-
sential residues are shown in green, essential
residues in red. The TMD predictions were
agreed by a variety of algorithms, including
TMHMM and TMPred (available at http://
ca.expasy.org/tools/#transmem).
Serine proteases typically use a catalytic triad com- active site within the membrane bilayer. This model
makes three central predictions: Rhomboid-1 shouldposed of aspartate, histidine, and serine to form a
charge-relay system that activates the serine to a reac- behave catalytically in Spitz cleavage, Spitz should be
cleaved within its TMD in a region corresponding totive nucleophile competent for peptide bond cleavage
(Blow et al., 1969; Fersht, 1999). In addition to G215 the putative Rhomboid-1 active site, and Rhomboid-1-
dependent Spitz processing should be sensitive only toand S217, the essential residues N169 and H281 were
located at similar positions within TMDs II and VI, re- serine protease inhibitors. Each of these predictions was
tested in turn.spectively, and might thus form a catalytic triad with
S217 in an active site located approximately one-third
of the distance into the membrane bilayer (Figure 2E). Rhomboid-1 Behaves Catalytically
in Spitz CleavageAlthough Rhomboid-1 does not have a conserved aspar-
tate, asparagine 169 may substitute for it, as it does in A distinguishing feature of enzymes is their ability to
act at substoichiometric levels, successively catalyzingthe catalytic triad of papain whose active site region is
particularly hydrophobic and would therefore be desta- many reactions per molecule of enzyme. In order to
determine whether Rhomboid-1 functions catalyticallybilized by the negatively charged aspartate (Vernet et
al., 1995). Since the putative Rhomboid-1 active site is in Spitz cleavage, its concentration dependence was
assessed and compared to that of Spitz and Star bywithin its TMDs, similar constraints may apply.
In addition to the evidence implicating Rhomboid-1 varying protein levels of each within mammalian cells
during the Spitz cleavage assay. The amount of trans-as a serine protease, the lack of conserved cysteines
or aspartates and the fact that H160 and H165 (which fected DNA encoding each component was titrated to
reduce the amount of each protein in turn, while the totalmight have been metal coordinating residues in a metal-
loprotease) are nonessential implied that Rhomboid-1 amount of DNA was held constant to maintain equivalent
transfection and expression efficiencies. As expected,is not a cysteine, aspartyl, or metalloprotease.
These mutational analyses and sequence compari- the amount of Rhomboid-1 within cells varied linearly
with the amount of transfected DNA (Figure 3A). Impor-sons, coupled with genetic and cell biological evidence
that no other components are required, strongly suggest tantly, when one of the three transfected components
in the processing reaction (Spitz, Rhomboid-1, and Star)that Rhomboid-1 is an unusual serine protease with an
Cell
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Bang and Kintner (2000) reported that Rhomboid-1 and
Star promoted the release of the cytoplasmic domain
of Spitz, suggesting intramembrane cleavage. This would
be distinct from the known site of cleavage of other growth
factors, which are cleaved in their extracellular domains
(Arribas et al., 1997; Hooper et al., 1997; Peschon et al.,
1998). To determine the site of Spitz cleavage, the size of
the Rhomboid-1-mediated cleavage product was com-
pared to a series of Spitz truncations. To ensure that
the forms of truncated and cleaved Spitz were not differ-
entially modified, Rhomboid-1 was C-terminally tagged
with the KDEL motif, thereby retaining it in the endoplas-
mic reticulum (ER) (Munro and Pelham, 1987) and
allowing it to cleave Spitz prior to the ligand entering the
Golgi apparatus. Under these conditions, both truncated
and cleaved forms of Spitz were easily detected in cell
lysates (Figure 4A), and, as expected, had not under-
gone the complex O-linked glycosylation that occurs
Figure 3. Concentration Dependence of Rhomboid-1, Star, and
when they pass through the Golgi (Lee et al., 2001).Spitz
The ER localization of truncated and cleaved Spitz was
(A) Reducing the input DNA (while maintaining the total amount
directly confirmed by immunofluorescence (Figure 4B).of transfected DNA by adding empty vector DNA) resulted in a
The Spitz cleavage product was detectably larger thancorresponding decrease of protein levels in cells (top panel, Rhom-
a form of Spitz truncated just N-terminal to its predictedboid-1 is shown). The reduction of the titrated component did not
affect the levels of the other components (lower panel shows Rhom- TMD at residue 139, but smaller than a Spitz truncated
boid-1 levels in cells when Spitz is reduced up to 5000-fold). two-thirds of the distance into its predicted TMD at
(B) Effect on Spitz processing of reducing Rhomboid-1 (top), Spitz amino acid 149 (Figure 4A). Spitz is therefore cleaved
(middle), and Star (bottom) up to 5000-fold. Each Western shows
at a site between amino acids 139 and 149, and sincecleaved Spitz accumulated in the medium. Decreasing Rhomboid-1
the resolution of this assay was approximately 5 resi-levels initially increased the amount of cleaved Spitz in media, since
dues, the cleavage must be close to residue 144 (Figurehigh levels of Rhomboid-1 caused Golgi fragmentation and thus
hindered secretion (Lee et al., 2001). 4C). Intramembrane cleavage of proteins is uncommon,
and there is no clear precedent for intramembrane cleav-
age near the lumenal face of a TMD (reviewed in Brown
was titrated, the amounts of the other two components et al., 2000). The cleavage site corresponds well with
remained constant, even when the titrated component the location of the putative Rhomboid-1 active site, as-
suming that the predicted Rhomboid-1 topology of N-ter-was reduced by 5000-fold (Figure 3A and data not
minal cytoplasmic, C-terminal lumenal is correct. Thisshown).
topology was confirmed by the ability of the C-terminalRemarkably, reduction of Rhomboid-1 levels did not
KDEL sequence to retain Rhomboid-1 in the ER (Figuredetectably decrease Spitz processing until Rhomboid-1
4B), as KDEL acts via lumenal interactions (Munro andwas reduced by 500- to 1000-fold (Figure 3B). Moreover,
Pelham, 1987). A control with a nonfunctional KDEL se-even a 10,000-fold reduction of Rhomboid-1 yielded de-
quence (KDAS) was Golgi-localized like the wild-typetectable Spitz processing (see Figure 5E). In contrast,
protein.Spitz processing was very sensitive to reduction of Spitz
and Star protein levels (Figure 3B). The concentration
Spitz Cleavage Is Sensitive Only to Serinedependence of cleaved Spitz on the input quantity of
Protease Inhibitorsfull-length Spitz confirmed that the assay was respon-
The third prediction derived from the hypothesis thatsive to changes in input protein levels (i.e., secretion of
Rhomboid-1 is an intramembrane serine protease re-the cleaved product was not rate limiting). Star functions
lates to its sensitivity to protease inhibitors. This wasas a chaperone to relocalise Spitz from the ER to the
tested by performing the Spitz cleavage assay in theGolgi apparatus (Lee et al., 2001), and thus can be
presence of cell-permeable, class-specific protease in-thought to act by recruiting the Spitz substrate to a
hibitors. Spitz cleavage was found to be sensitive to theGolgi-localized protease activity. The sensitivity of Spitz
specific serine protease inhibitors 3,4-dichloroisocou-processing to reduced Star concentrations is therefore
marin (DCI) and tosyl phenylalanine chloromethyl ketoneconsistent with its noncatalytic mode of action. The con-
(TPCK) (Figure 5A) (Salvesen and Nagase, 2001). Thetrasting insensitivity of Spitz cleavage to reduction of
specificity of these inhibitors for the cleavage event itselfRhomboid-1 levels strongly suggests a catalytic role for
was assessed by examining their effect on the secretionRhomboid-1.
of a truncated form of Spitz that lacked the transmem-
brane and cytoplasmic domains. This secreted form of
Spitz Is Cleaved within its Transmembrane Domain Spitz required posttranslational modification and secre-
Since the putative Rhomboid-1 active site lies within the tion, but not Rhomboid-1-mediated cleavage, to be re-
membrane bilayer, the second prediction of the hypoth- leased into the cell culture medium. Neither DCI nor
esis that Rhomboid-1 is an intramembrane serine prote- TPCK reduced secretion of the truncated form of Spitz,
ase is that Spitz is cleaved at an equivalent position suggesting that their effects on Spitz processing were
specific to inhibiting Rhomboid-1-mediated cleavage.within its transmembrane domain. Consistent with this,
Evidence that Rhomboid Is a Serine Protease
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Figure 5. Sensitivity of Spitz Cleavage to Class-Specific Protease
Inhibitors
All panels show Spitz processing efficiency by Western blot of
cleaved Spitz in medium of transfected cells.
(A) Rhomboid-1-dependent Spitz cleavage was sensitive to serine
protease inhibitors TPCK and DCI in a dose-dependent manner (left
panel). 1 ng of Rhomboid-1 DNA was used per transfection and
exposure to inhibitors was limited to 1 hr to avoid cytotoxic effects.
Under these conditions, the expression and secretion of truncated
Spitz (sSpi) in the presence of saturating amounts of the inhibitors
was unaffected (right panel).
(B) Left panel: over the range of 1–25 ng transfected DNA, Rhom-
boid-1 levels were not rate limiting, i.e., there was no change in
the efficiency of Spitz processing. Right panel: in contrast, in the
presence of 25 M TPCK, Rhomboid-1 was rate limiting as there
was a partial rescue of Spitz processing over the same concentration
Figure 4. Determination of the Spitz Cleavage Site range.
(A) The size of Rhomboid-1-KDEL-cleaved Spitz was compared to (C–E) Spitz processing was insensitive to (C) cysteine protease, (D)
that of various truncated forms of Spitz by SDS-PAGE. sSpi is a aspartyl protease, and (E) metalloprotease inhibitors, even when
form truncated in its extracellular juxtamembrane domain that was Rhomboid-1 was made limiting by 1000- and 10,000-fold dilutions.
predicted to be the site of cleavage by cell surface proteases like Importantly, the metalloprotease inhibitor-induced reduction of
TACE (Schweitzer et al., 1995). Truncations are designated by resi- cleavage seen when Rhomboid was diluted 10,000-fold was due to
due numbers (Spitz TMD spans residues 138–160). The top band in inhibition of the competing metalloprotease-dependent cell-surface
the Spitz Rhomboid-1-KDEL lanes is the uncleaved form of Spitz. cleavage of Spitz, not Rhomboid-1-dependent cleavage (see Figure
(B) Subcellular localization of Spitz and Rhomboid-1 proteins used 1 and Lee et al., 2001). Note that leupeptin can also inhibit trypsin-
to estimate the Spitz cleavage site. The intracellular pools of both like serine proteases in addition to cysteine proteases.
the truncated and cleaved Spitz proteins were localized in the ER,
and very little or none was detected in the Golgi. High levels of
Rhomboid-1-KDEL were detected in the ER, in contrast to Rhom- Spitz processing. This effect indicated that these inhibi-
boid-1-KDAS, which was localized exclusively to the Golgi. tors caused Rhomboid-1 to become rate limiting. If
(C) Sequence of the Spitz TMD. The predicted region of cleavage Rhomboid-1 acted by recruiting or activating an endog-is underlined.
enous serine protease, irreversible protease inhibitors
would not be expected to make Rhomboid-1 rate limiting
when it was already present in excess.In addition to their specificity, the characteristics of
inhibition by these irreversible serine protease inhibitors In contrast to being sensitive to serine protease inhibi-
tors, Spitz processing was resistant to all other class-indicated that Rhomboid-1 was their direct target. Sig-
nificantly, in the presence of the inhibitors, Rhomboid-1 specific protease inhibitors tested. The potent cysteine
protease inhibitors E64d and leupeptin (see Salvesenitself became rate limiting, since increasing its levels
over a narrow range partially overcame the inhibition and Nagase, 2001), as well as the calpain inhibitor
PD150606 (Wang et al., 1996), had no effect on Spitz(Figure 5B). In the absence of inhibitors, however, Rhom-
boid-1 was in excess, since increasing Rhomboid-1 lev- processing, even when Rhomboid-1 levels were made
limiting by a dilution series (Figure 5C). Similarly, theels over the same concentration range did not increase
Cell
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Figure 6. A Human Rhomboid Catalyses
Spitz Proteolysis by the Same Mechanism
(A) Alignment of Drosophila Rhomboid-1 with
RHBDL and the newly identified RHBDL2;
Rhomboid-1 essential residues are indi-
cated.
(B) The human RHBDL gene was unable to
promote GFP-Spitz cleavage when ex-
pressed in COS cells, but RHBDL2 could. The
experiment was done plus () or minus ()
batimastat to confirm that cleavage was not
caused by metalloproteases. Upper panels
show cleaved GFP-Spitz in the medium;
lower panels show the expression levels of
GFP-Spitz in cells. Note the decrease in levels
of the hyperglycosylated form of Spitz with
RHBDL2, consistent with this form being
cleaved and secreted.
(C) Cleavage of Spitz by point mutants of the
putative essential residues of RHBDL2; upper
panel shows cleaved GFP-Spitz in the me-
dium while the lower panel shows the levels
of HA-tagged RHBDL and RHBDL2 in cells.
Cleavage by R111A, G174A, S176A, and
H239A was undetectable above background
(–). Cleavage by W110A and N128A was re-
duced compared to wild-type but not abol-
ished.
aspartyl protease inhibitor pepstatin A and the potent FLJ20435; GenBank NM017821) did promote efficient
Spitz cleavage (Figure 6B). This protein, which we havepeptidomimetic presenilin inhibitor -Secretase Inhibi-
named RHBDL2, is 32% identical to Rhomboid-1 and,tor I (Hartmann et al., 1997) did not reduce Spitz pro-
on the basis of similarity, is slightly closer to Rhom-cessing (Figure 5D). This was of particular significance
boid-1 than RHBDL (Figure 6A).since presenilin could be a candidate for the Spitz prote-
Since the core proteolysis-promoting function ofase, as it is the only intramembrane protease known to
Rhomboid-1 has been conserved in at least one humancleave type I membrane proteins (reviewed in Brown et
Rhomboid, we tested whether the same residues wereal., 2000). Finally, we had previously used metallopro-
essential in RHBDL2. Mutations in any of the three resi-tease inhibitors in the Spitz cleavage assay to rule out
dues central to the proposed proteolytic mechanismthe involvement of an endogenous cellular metallopro-
(the active serine, the glycine two residues N-terminaltease in Spitz cleavage (Lee et al., 2001). However, this
to the serine, and the histidine) abolished cleavage activ-did not rule out the possibility that Rhomboid-1 itself
ity, as did mutation of the arginine in the lumenal loopwas a metalloprotease, because the Rhomboid-1 levels
(Figure 6C). RHBDL2-dependent Spitz cleavage was re-used in the assay were too high to be effectively inhib-
duced but not abolished by mutation of the other twoited. Since the potent metalloprotease inhibitors bati-
residues essential in Rhomboid-1, the lumenal trypto-mastat and ilomastat failed to inhibit Rhomboid-1-in
phan of unknown function and the asparagine whichSpitz cleavage, even when Rhomboid-1 was made limiting
might be the third residue of the catalytic triad (and(Figure 5E), the possibility that Rhomboid-1 is a metallo-
which has been shown to be dispensable in other prote-protease was conclusively excluded. In summary, the
ases, see Discussion). Note that this result implies thatrestricted sensitivity of Spitz cleavage to serine protease
although not completely essential, both these residuesinhibitors, and their property of causing Rhomboid-1 to
do function in RHBDL2, since the sensitivity of the cleav-become rate limiting, independently suggest that Rhom-
age assay means that a substantial reduction of prote-boid-1 is a serine protease.
ase activity is required to detectably reduce Spitz cleav-
age (e.g., see Figure 3). We therefore conclude that
The Rhomboid-1 Catalytic Mechanism RHBDL2 has a similar activity to Drosophila Rhomboid-1
Is Conserved in a Human Rhomboid and functions by a similar mechanism.
Drosophila Rhomboid-1 is a member of a family of pro-
teins conserved throughout evolution (Wasserman et Discussion
al., 2000). We have tested whether either of two human
homologs can promote Spitz cleavage (Figure 6). Al- Evidence that Rhomboid-1 Is the Spitz Protease
though RHBDL (Pascall and Brown, 1998) had no effect, Our analysis provides biochemical support for previous
genetic evidence that Rhomboid-1 is the principal bio-the second human Rhomboid (encoded by cDNA
Evidence that Rhomboid Is a Serine Protease
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chemical rate limiting factor for EGF ligand activation
(reviewed in Wasserman and Freeman, 1997). Moreover,
although no similarities between Rhomboid-1 and prote-
ases have been previously recognized (Bier et al., 1990;
Wasserman et al., 2000), our mutational analysis has
revealed a shared sequence motif between Rhomboid-1
and serine proteases, as well as a serine protease-like
catalytic triad that is required for Spitz cleavage. This
strongly suggests that Rhomboid-1 is the Spitz prote-
ase. We have tested this hypothesis using a combination
of cell biological and biochemical techniques. In all
cases, Rhomboid-1 exhibited characteristics expected
of the Spitz protease: it was necessary and sufficient for
Spitz cleavage in every cell line tested, it was localized
to the subcellular compartment where Spitz cleavage
Figure 7. Model of Rhomboid-1 Actionoccurred (Lee et al., 2001), and it acted catalytically in
We propose that the conserved asparagine (N), histidine (H), andSpitz cleavage. Furthermore, Spitz was cleaved within
serine (S) form a serine protease catalytic triad that hydrolyses theits TMD at a region corresponding to the putative Rhom-
Spitz polypeptide within its TMD (although the role of the asparagineboid-1 serine protease active site, and this intramem-
is uncertain—see text). Our data imply that this occurs approxi-
brane cleavage was sensitive only to serine protease mately one-third of the distance into the membrane bilayer from the
inhibitors, which caused Rhomboid-1 to become rate lumenal surface. The lumenal tryptophan (W) and arginine (R) are
limiting. These data provide compelling evidence that also essential (although the tryptophan appears less critical in hu-
man RHBDL2), but their function in the catalytic mechanism remainsRhomboid-1 is itself the protease required for Spitz pro-
to be determined.cessing and therefore EGF receptor signaling in Dro-
sophila. Previous evidence is consistent with this con-
clusion: although essential for Spitz activation, Star is
The proposed Rhomboid-1 catalytic triad is unusual,not required for the proteolytic step itself (Lee et al.,
as it contains an asparagine rather than the more com-2001), and, despite extensive genetic screening by a
mon aspartate. The central importance of this aspartate,number of groups, no other rate limiting components of
however, is uncertain, since serine proteases with cata-Spitz activation have been identified.
lytic dyads of only serine and histidine have been identi-
fied (reviewed in Paetzel and Dalbey, 1997), and evenEvidence that Rhomboid-1 Is an Intramembrane
in those enzymes with catalytic triads, the aspartate isSerine Protease
100-fold less sensitive to mutation than the serine orAlthough Rhomboid-1 does not contain any obvious
histidine (Carter and Wells, 1988). In the case of Rhom-sequence homology domains, our results show that it
boid-1, although N169 is essential in the assay pre-has the characteristics of a serine protease. First, four
sented here, there is evidence that in other contexts, itsof its six essential residues parallel the residues required
mutation leaves residual Rhomboid-1 activity (S.U. andfor a serine protease catalytic triad charge-relay system
(S217, H281, and N169) and an oxyanion stabilization M.F., unpublished). Further support for the possibility
site (consisting of a glycine two residues away from that N169 replaces an aspartate in a catalytic triad
the active serine, and the serine itself; G215 and S217). comes from the mechanism of some cysteine proteases,
These are the two active site determinants of serine whose catalytic mechanisms are identical to serine pro-
proteases, and these four essential residues account teases: they use catalytic triads with an asparagine to
for all of the amino acids known to participate directly orient the histidine (Vernet et al., 1995). Overall, we favor
in the serine protease catalytic mechanism (see Fersht, the idea that N169 does form part of the catalytic triad,
1999). Second, these residues are absolutely conserved but without a structural analysis of the active site, the
in all Rhomboids (Wasserman et al., 2000), and their possibility remains that it instead could be involved in
mutation to even very similar residues (i.e., G215A, oxyanion stabilization (serine protease mechanisms are
S217T, and S217C) abolished Rhomboid-1 activity. comprehensively reviewed in Fersht, 1999). In summary,
These are hallmarks of active site residues. Third, the although several mechanistic questions remain, our re-
location of the essential residues is highly suggestive sults strongly suggest that Rhomboid-1 is a serine prote-
of a serine protease active site; both G215 and S217 ase that catalyses proteolysis in a membrane bilayer
occur in the conserved GASGG motif, which is remark- (Figure 7). Since no intramembrane serine protease is
ably similar to the conserved GDSGG motif surrounding listed in either the MEROPS protease or EC enzyme
the active serine of 200 different serine proteases. Fur- databases, Rhomboid-1 and RHBDL2 appear to be the
thermore, the essential residues N169 and H281 occur first examples of this kind of enzyme.
at the same height in their TMDs as the GASGG motif,
consistent with the proposal that they associate with
Biochemical Mechanism of IntramembraneS217 to generate a catalytic triad. Finally, Spitz pro-
Proteolysis by Rhomboid-1cessing was directly inhibited by the specific serine pro-
It is not clear how Rhomboid-1 functions within the lipidtease inhibitors DCI and TPCK, and Rhomboid-1 itself
bilayer. Proteases catalyze hydrolysis of the peptidebecame limiting in their presence, suggesting that
bond and thus require water to be accessible to theirRhomboid-1 was their direct target and thus the serine
protease responsible for Spitz cleavage. active sites. Although the Rhomboid-1 active site is situ-
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ated within the membrane bilayer, helical packing limited to either aspartyl or metalloproteases (Brown et
al., 2000; Kopan and Goate, 2000), while Rhomboid isamong the Rhomboid-1 TMDs could provide an aque-
ous environment surrounding its active site. Consistent a serine protease. Beyond this mechanistic distinction,
there are two major differences between the pathwayswith this idea, there is a conserved helical repeat of
charged and/or polar residues in TMD II which contrib- involved in current examples of RIP and Spitz cleavage
by Rhomboid-1.utes the putative catalytic triad residue N169; this could
form an aqueous environment around the active site. First, previously characterized examples of RIP result
in the cytoplasmic release of either membrane-tetheredThis polar face is also likely to mediate associations
with other TMDs (Gratkowski et al., 2001). TMD VI, which transcription factors or proteins that are required for the
activation of transcription factors (Brown et al., 2000).contributes the putative catalytic triad residue H281,
is also predicted to contribute to TMD interactions: it Conversely, Spitz cleavage releases a growth factor into
the lumen of the Golgi apparatus, which is then secretedcontains two tandem GxxxG motifs known to mediate
strong associations between transmembrane helices of as an active signal for the EGF receptor in neighboring
cells. Second, there is also a clear distinction betweenthe same orientation (Russ and Engelman, 2000; Senes
et al., 2000). The only helices in Rhomboid-1 of the same the mechanisms regulating intramembrane cleavage. All
other known RIP proteases are widely expressed andorientation as TMD VI are TMDs II and IV, which contrib-
ute the active site residues N169 and S217, respectively. have broad substrate specificity (Brown et al., 2000;
Struhl and Adachi, 2000). Intramembrane cleavage isThus, TMDs II, IV, and VI might associate to generate
the putative catalytic triad while the polar face of TMD regulated by a prior cleavage that removes the bulk of
the lumenal or extracellular portions of the target pro-II could provide the local aqueous environment required
for catalysis. tein. Only after this cleavage takes place can the intra-
membrane proteases recognize and cleave their sub-Proteases in general cannot cleave folded proteins,
and most TMDs adopt a helical conformation, with the strates. Conversely, Rhomboid-1 activity is regulated
primarily by its transcription; Rhomboid-1 expression isamino acid side chains facing outward, sterically hinder-
ing access to the peptide backbone. The putative aque- tightly regulated and precisely prefigures EGF receptor
signaling during Drosophila development (Bier et al.,ous cavity of the Rhomboid-1 active site could force
the hydrophobic Spitz TMD to change conformation, 1990; Freeman et al., 1992; zu¨r Lage et al., 1997). Further-
more, Rhomboid-1 is site-specific in its cleavage ability,allowing cleavage. Alternatively, it has been proposed
that intramembrane proteases function by partially un- since it specifically cleaves Spitz but not similar proteins
such as TGF (Lee et al., 2001). The human Rhomboids,folding their helical substrates, extending them into the
cytosol and thus simultaneously unwinding the helix and too, show specificity, as RHBDL2 but not RHBDL
cleaves Spitz.providing an aqueous environment for proteolysis to
occur (Brown et al., 2000). The essential residues W151
and R152 in the large lumenal loop of Rhomboid-1 could The Conserved Rhomboid Protease Family
be involved in substrate unwinding from the lumenal Since Drosophila Rhomboid-1 is the prototype of a fam-
side. Note that the helical packing and substrate un- ily consisting of over 75 proteins, both in prokaryotes
winding models are not necessarily mutually exclusive, and eukaryotes (Wasserman et al., 2000), understanding
and various aspects of each model may prove to be its mode of action has implications beyond Drosophila
important for intramembrane proteolysis by Rhom- signaling and development. Furthermore, conservation
boid-1. Ultimately, direct biochemical analysis of puri- of a proteolytic function and biochemical mechanism in
fied Rhomboid-1 protein activity will be required to an- a human Rhomboid, coupled with the absolute conser-
swer many of these questions, but this has not yet been vation of the putative catalytic residues, suggests that
achieved for any intramembrane protease, despite in- all Rhomboids are intramembrane serine proteases. Al-
tensive study (Brown et al., 2000; Kopan and Goate, though their physiological roles remain unclear, it is no-
2000). However, our observations that Rhomboid-1 does table that most, but not all, organisms have Rhomboids.
not require endoproteolytic activation (S.U. and M.F., This is consistent with a role in important but not essen-
unpublished) or other Drosophila cofactors suggest that tial processes, for example, intercellular signaling. In-
these important goals may be achievable. triguingly, recent analysis supports this notion. Only one
Rhomboid member outside Drosophila has been stud-
ied. In the human pathogenic bacterium ProvidenciaSpitz Cleavage Is a New Form of Regulated
Intramembrane Proteolysis stuartii, the Rhomboid-like AarA protein is involved in
promoting the release of an unknown factor that regu-Although many other membrane-bound growth factors
are activated by proteolytic release, Spitz is unusual, as lates virulence in response to cell population size (Rather
et al., 1999; Gallio and Kylsten, 2000). Gram-positiveit is cleaved within its TMD. Regulated intramembrane
proteolysis (RIP) has recently emerged as a novel mecha- bacteria like Providencia use peptide-based factors as
quorum sensing signals, and in some cases these arenism for controlling several important signaling pathways,
including Notch receptor activation and cholesterol bio- proteolytically released from precursors (reviewed in
Schauder and Bassler, 2001). Thus, although the currentsynthesis, by the release of cytoplasmic transcription
factor domains frommembrane-anchored proteins (Brown evidence is very limited, it is notable that even in a
bacterium, Rhomboid-dependent proteolysis may be in-et al., 2000). As with other known RIP proteases, Rhom-
boid-1 is a polytopic membrane protein that is a member volved in signal production during cell communication.
Proteases control many aspects of cell regulation; theyof a large protein family with homologs in many species.
However, previously described RIP proteases have been also have substantial clinical significance (for example,
Evidence that Rhomboid Is a Serine Protease
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(1988). Rhizomucor miehei triglyceride lipase is synthesized as asee Coughlin, 2000; Primakoff and Myles, 2000). Defin-
precursor. Lipids 23, 701–706.ing the substrates of other Rhomboids should thus re-
Brenner, S. (1988). The molecular evolution of genes and proteins:veal their physiological and perhaps pathological roles
a tale of two serines. Nature 334, 528–530.in humans and other species.
Brown, M.S., Ye, J., Rawson, R.B., and Goldstein, J.L. (2000). Regu-
lated intramembrane proteolysis: a control mechanism conservedExperimental Procedures
from bacteria to humans. Cell 100, 391–398.
Spitz Cleavage Assay Carter, P., and Wells, J.A. (1988). Dissecting the catalytic triad of a
Cells were grown and transfected, and cleaved Spitz detected, as serine protease. Nature 332, 564–568.
previously described (Lee et al., 2001). A total of 1 g of DNA and Coughlin, S.R. (2000). Thrombin signalling and protease-activated
3 l Fugene were used per 35 mm well; each construct was used receptors. Nature 407, 258–264.
at 250 ng (except Rhomboid-1, for which 25 ng was used unless
Datta, S., Luo, C.C., Li, W.H., VanTuinen, P., Ledbetter, D.H., Brown,otherwise stated, due to cytotoxicity associated with high Rhom-
M.A., Chen, S.H., Liu, S.W., and Chan, L. (1988). Human hepaticboid-1 levels), and the total DNA was adjusted to 1 g with pBlue-
lipase. Cloned cDNA sequence, restriction fragment length polymor-script. A truncated, secreted form of Spitz (sSpi) (Schweitzer et al.,
phisms, chromosomal localization, and evolutionary relationships1995) was used as a transfection efficiency control.
with lipoprotein lipase and pancreatic lipase. J. Biol. Chem. 263,For inhibitor studies, serum-free DMEM was supplemented with
1107–1110.the appropriate drugs (all from Calbiochem). Serine protease inhibi-
Ellgaard, L., Molinari, M., and Helenius, A. (1999). Setting the stan-tors were incubated with cells for only 1 hr as they are unstable
dards: quality control in the secretory pathway. Science 286, 1882–and cytotoxic. The resulting media was dialyzed to remove salt,
1888.lyophilized, and resuspended in 20 l of SDS sample buffer for
Western analysis. Fersht, A. (1999). Structure and Mechanism in Protein Science: A
Polyclonal rabbit anti-GFP antiserum (kind gift of Dr. Rob Arko- Guide to Enzyme Catalysis and Protein Folding (New York, W.H.
witz) was used at 1 in 10,000 to detect GFP-Spitz on Westerns. Freeman and Company).
Rabbit polyclonal anti-HA (Y11; Santa Cruz) was used at 1 in 1,000. Fersht, A.R., Blow, D.M., and Fastrez, J. (1973). Leaving group speci-
The resulting immune complexes were detected by anti-rabbit cou- ficity in the chymotrypsin-catalyzed hydrolysis of peptides. A stereo-
pled to HRP, and visualized with enhanced chemiluminescence chemical interpretation. Biochemistry 12, 2035–2041.
(ECL; Amersham).
Freeman, M., Kimmel, B.E., and Rubin, G.M. (1992). Identifying tar-
gets of the rough homeobox gene of Drosophila: Evidence thatImmunofluorescence
rhomboid functions in eye development. Development 116,COS cells were stained as described in Lee et al. (2001), and imag-
335–346.ing was performed using a MRC Radiance Confocal Microscope
Gallio, M., and Kylsten, P. (2000). Providencia may help find a func-(Bio-Rad).
tion for a novel, widespread protein family. Curr. Biol. 10, R693–694.
Constructs Golembo, M., Raz, E., and Shilo, B.Z. (1996). The Drosophila embry-
All Rhomboid and Spitz mutants were generated using the Stra- onic midline is the site of Spitz processing, and induces activation
tagene Quik-Change site-directed mutagenesis protocol, following of the EGF receptor in the ventral ectoderm. Development 122,
the manufacturer’s instructions, and verified by sequencing. In the 3363–3370.
data in Figure 4, the ER retention signal KDEL was added to the
Gratkowski, H., Lear, J.D., and DeGrado, W.F. (2001). Polar side
extreme C terminus of Rhomboid-1. All genes were expressed by
chains drive the association of model transmembrane peptides.
the CMV promoter in the pcDNA3.1 vector (Invitrogen).
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